The Selenga-Baikal Basin, a transboundary river basin between Mongolia and Russia, warmed at nearly twice the global rate and experienced enhanced human activities in recent decades. To understand the vegetation response to climate change, the dynamic spatial-temporal characteristics of the vegetation and the relationships between the vegetation dynamics and climate variability in the Selenga-Baikal Basin were investigated using the Normalized Difference Vegetation Index (NDVI) and gridded temperature and precipitation data for the period of 1982 to 2015. Our results indicated that precipitation played a key role in vegetation growth across regions that presented multiyear mean annual precipitation lower than 350 mm, although its importance became less apparent over regions with precipitation exceeding 350 mm. Because of the overall temperature-limited conditions, temperature had a more substantial impact on vegetation growth than precipitation. Generally, an increasing trend was observed in the growth of forest vegetation, which is heavily dependent on temperature, whereas a decreasing trend was detected for grassland, for which the predominant growth-limiting factor is precipitation. Additionally, human activities, such as urbanization, mining, increased wildfires, illegal logging, and livestock overgrazing are important factors driving vegetation change.
Introduction
Average global surface temperature has increased over the past century, and precipitation has decreased in most mid-latitude and arid areas [1, 2] . Climate change has a considerable effect on the hydrological cycle by altering the amount and distribution characteristics of global water resources [3] . According to recent studies [4] [5] [6] [7] [8] [9] [10] , changes in the global climate over the past century have also greatly impacted terrestrial ecosystems worldwide, and Eurasia has been especially strongly affected [11, 12] . Significantly greater temperature increases than the global average and variable precipitation have been observed in this region, particularly in the Selenga-Baikal Basin [13] . The Selenga-Baikal Basin is characterized by an extremely continental climate with considerable annual and daily fluctuations in air temperature and an uneven seasonal precipitation distribution. The basin is distinguished by long, cold winters, during which the air temperatures at Lake Baikal reach −37 °C to −40 °C, and the lake freezes for four to five months each year. Snow usually falls from mid-October to mid-April, and the mountains remain covered in snow and frozen until approximately early April [29, 30] . In addition, the summer air temperatures soar briefly to 25 °C to 30 °C in this strongly continental climate [31] . Substantial spatial variation in precipitation is observed across the watershed, and more than half of the annual precipitation occurs during summer (JuneAugust) [28] . The basin is subjected to harsh climate conditions and governed by its mountain permafrost terrain, with permafrost ranging from isolated patches in the middle part of the basin to continuous permafrost in the mountainous parts [22] .
The southern part of the Selenga-Baikal Basin in Mongolia is mainly covered by grassland with a low soil moisture content, while the middle part of the basin is covered by dense taiga vegetation [32] . In general, green-up begins in the middle of May for the forest, while the average onset date for grassland is the middle of June, and both grassland and forest reach peak NDVI values in late July. The average date for the onset of dormancy for both forest and grassland in this area is in late September [33] . Recent studies have detected widespread degradation of the Mongolian steppe, and approximately 80% declines in NDVI could be explained by increasing livestock abundance [34] .
Data Sources

Climate Data
Climate Research Unit (CRU) monthly temperature and precipitation data (version TS4.00) during the period from 1982 to 2015 at a spatial resolution of 0.5° (http://www.cru.uea.ac.uk) [35] were used in the study. Gridded datasets were generated by interpolating the records from more than 4000 meteorological stations worldwide using spatial autocorrelation functions [36, 37] . CRU data have been widely applied in global climate studies [21, 38, 39] , and the CRU climate data were resampled from 0.5° to 0.083° based on a bilinear interpolation to match the Global Inventory Monitoring and Modeling System (GIMMS) 3g NDVI data.
Land Cover Data
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Climate Data
Climate Research Unit (CRU) monthly temperature and precipitation data (version TS4.00) during the period from 1982 to 2015 at a spatial resolution of 0.5 • (http://www.cru.uea.ac.uk) [35] were used in the study. Gridded datasets were generated by interpolating the records from more than 4000 meteorological stations worldwide using spatial autocorrelation functions [36, 37] . CRU data have been widely applied in global climate studies [21, 38, 39] , and the CRU climate data were resampled from 0.5 • to 0.083 • based on a bilinear interpolation to match the Global Inventory Monitoring and Modeling System (GIMMS) 3g NDVI data.
Land Cover Data
We used the Global Land Cover (GLC) 30-m dataset (GlobeLand30), which is derived from a Chinese GLC mapping project (www.globeland30.org) that provides GLC data at a spatial resolution of 30 m in 2000 and 2010 [40] . The GlobeLand30 classification utilized multispectral images from the American Land Resources Satellite (Landsat) TM5/ETM+ and the China Environmental Disaster Alleviation Satellite (HJ-1) [41] . The total classification accuracy of GlobeLand30 was 83.5%, and the products have been widely used for studies of environmental change, land resource management, sustainable development, etc. [42, 43] . In this study, we chose the remote sensing images from 2010 to classify the land cover types.
NDVI Data
We used the GIMMS 3g NDVI dataset acquired by the Advanced Very High Resolution Radiometer (AVHRR) and processed and archived by the National Aeronautics and Space Administration (NASA) (https://ecocast.arc.nasa.gov/data/pub/gimms). These data constitute the longest available NDVI dataset from 1982-2015 with spatial and temporal resolutions of 0.083 • and 15 days, respectively. GIMMS 3g NDVI data have been widely utilized to monitor vegetation dynamics at the global and continental scales [44] [45] [46] [47] [48] [49] . The 15-day data were transformed into monthly data to match the CRU climate data via the maximum value composite (MVC) method, which can largely remove atmospheric noise [50] . As noted by Beck, et al. [51] , estimating the NDVI of high-latitude vegetation is problematic during winter due to the effects of snow. In this study, the NDVI was analyzed during the growing seasons from May to September according to Lavrentyeva, et al. [52] ; therefore, the influence of snow was negligible.
Methods
Theil-Sen Median Trend Analysis
We performed a Theil-Sen median trend analysis combined with the Mann-Kendall test to identify trends in large sets of time series data; this combination has been used to analyze long time series of climate and vegetation data [2, 53, 54] . Because abnormal values have less influence, the Theil-Sen median trend analysis has been proven to be more suitable than linear regression [55] [56] [57] , and the computational formula is as follows:
where S is the Theil-Sen median slope; Median is the median of a set of data values; i and j represent the years; and x i and x j are the values of year i and j, respectively.
Mann-Kendall Test
The Mann-Kendall trend test [58, 59] is a nonparametric statistical test used to assess the significance of the effects of climate on vegetation change [60] , and it has been widely applied to analyze the trends and variations in hydrological and meteorological time series, as well as to investigate long meteorological and vegetation time series [61] . The advantage of this method is that the samples do not need to follow a certain distribution and are free from interference from a few outliers [58] . A significance level of 0.05 indicates a statistically significant variation if |Z| > 1. 96 . Combined with the Theil-Sen median trend analysis and the Mann-Kendall test, we divided the study area into improved (S > 0) and degraded regions (S < 0) and further determined whether the changes were significant (Z ≥ 1.96 or Z ≤ −1.96) or not (−1.96 < Z < 1.96).
Partial Correlation Analysis
The partial correlation coefficient is used to study the correlation between an independent variable and the dependent variable by excluding the impact of the other independent variables [62] . For this research, the dependent variable is the NDVI and the independent variables are temperature and precipitation. We used the partial correlation coefficient to explore the correlation between the NDVI and single meteorological variables. The partial correlation coefficient is calculated as follows:
where r x 1 yx 2 is the partial correlation coefficient of variables x 1 and y excluding the effect of variable x 2 , and r x 1 x 2 , r x 1 y , r x 2 y are the Pearson correlation coefficients between variables x 1 and x 2 , x 1 and y, and x 2 and y, respectively. The two-tailed t-test was used to estimate the significance of the calculated partial correlations, and p < 0.05 was considered significant.
Results
Meteorological Characteristics
Spatial Patterns of Air Temperature and Precipitation
As shown in Figure 2 , air temperature and precipitation are highly spatially heterogeneous in the Selenga-Baikal Basin. The average annual air temperature over most of the region is below 0 • C and varies from −10.50 • C to 1.44 • C. The areas with relatively low air temperature are mainly located in the southwest and northeast of the basin, which represent the regions with high elevation and high latitude, respectively. Generally, the air temperature increases from high to low elevation, as well as from high to middle latitudes. Therefore, the spatial pattern of the annual air temperature distribution within the basin is essentially caused by the combined effects of elevation and latitude.
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Figures 3 and 4 show the spatial distribution of the annual and seasonal change trends of the average air temperature and total precipitation from 1982 to 2015, respectively. As shown in Figure 3a , the air temperature increased over the past three decades in all regions, and 51.82% of the regions passed the significance test (p < 0.05). In general, the warming trend was increasingly obvious from the northeast to the southwest. The change trends in air temperature exhibited different patterns among seasons as shown in Figure 4 , and a significant increasing trend can be observed in spring and summer. The winter temperature, in contrast, decreased during the 1982-2015 period, which is consistent with recent studies, e.g., [23, 64, 65] . However, the decreasing winter temperature trend in the Selenga-Baikal Basin did not pass a significance test at the 0.05 level.
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Vegetation Condition
As shown in Figure 5 , grassland, forest, water bodies, cultivated land, and bare land account for 51.05%, 36.91%, 6.48%, 3.54%, and 1.34% of the total basin, respectively, while other land use types account for less than 1%. Grassland, which occupies more than half of the entire basin, is the most predominant land cover and is mainly distributed throughout the Mongolian sector. Forest is another predominant land cover over 37% of the total area, and it is mainly distributed in the Russian parts. Cultivated land is mainly distributed in river-lined areas of the Uda River and the lower reaches of the Selenga River, and bare land is mainly distributed in the southern part of Mongolia. Below, we focus our analysis on forest and grassland.
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Vegetation Change
As shown in Figure 6b , this basin showed various trends in NDVI from 1982 to 2015. A total of 21.74% of the region showed a significant increasing trend, while 14.35% of the area exhibited a 
As shown in Figure 6b , this basin showed various trends in NDVI from 1982 to 2015. A total of 21.74% of the region showed a significant increasing trend, while 14.35% of the area exhibited a significant decreasing trend, and the stable areas accounted for 63.91%. Moreover, the vegetation changes in the Selenga-Baikal Basin exhibited obvious regional characteristics. The changes in the mean NDVI during the growing season indicate vegetation greening along the abovementioned northwest-southeast strip in addition to the intermountain depressions and southeastern mountainous region. However, a decreasing trend in vegetation was mainly detected in the southern part of the Mongolian sector, suggesting that most of Mongolia has experienced remarkable vegetation degradation.
Changes in the annual vegetation growth of forest and grassland were equivalent based on a comparison of the monthly NDVI values for land cover types before and after 2000 (Figure 7 ). Forest and grassland degraded in the summer and improved in spring and autumn, but the degradation of grassland was more evident. In addition, the NDVI value in winter was affected by snow cover and thus could not accurately reflect vegetation growth; therefore, the change in winter is not discussed here. However, the NDVI change trends for the different types of vegetation varied recently over the past 30 years (Table 1) . Forest showed significant increasing trends, with 30.19% of these areas showing a significant increasing trend and only 7.03% displaying a significant decreasing trend. It was worth noting that improved forest growth throughout the entire basin was mainly due to the contribution of forest improvement in Russia, where the increasing trend reached 32.79% and the decreasing trend was only 4.51%. In contrast, grassland exhibited both increasing and decreasing trends, which accounted for 14.31% and 18.09% of the total grassland, respectively. An increasing trend mainly appeared in Russia, while a decreasing trend predominantly occurred in Mongolia. For grassland regions in Mongolia, the decreasing trend (21.09%) became more dominant than the increasing trend (11.86%). In contrast, the increasing trend (21.64%) of grassland in Russia far outweighed the increasing trend (8.33%). (Figure 7 ). Forest and grassland degraded in the summer and improved in spring and autumn, but the degradation of grassland was more evident. In addition, the NDVI value in winter was affected by snow cover and thus could not accurately reflect vegetation growth; therefore, the change in winter is not discussed here. However, the NDVI change trends for the different types of vegetation varied recently over the past 30 years (Table 1) . Forest showed significant increasing trends, with 30.19% of these areas showing a significant increasing trend and only 7.03% displaying a significant decreasing trend. It was worth noting that improved forest growth throughout the entire basin was mainly due to the contribution of forest improvement in Russia, where the increasing trend reached 32.79% and the decreasing trend was only 4.51%. In contrast, grassland exhibited both increasing and decreasing trends, which accounted for 14.31% and 18.09% of the total grassland, respectively. An increasing trend mainly appeared in Russia, while a decreasing trend predominantly occurred in Mongolia. For grassland regions in Mongolia, the decreasing trend (21.09%) became more dominant than the increasing trend (11.86%). In contrast, the increasing trend (21.64%) of grassland in Russia far outweighed the increasing trend (8.33%). 
Relationship between the NDVI and Climatic Factors
A partial correlation analysis was performed to evaluate responses of the NDVI to air temperature and precipitation. As shown in Figure 8 , there were notable spatial differences in the partial correlation coefficients between the mean NDVI during the growing seasons and the annual temperature and precipitation. In general, the NDVI was negatively correlated with air temperature and positively correlated with precipitation in the southern part of the Selenga-Baikal Basin, which is within Mongolia. However, the NDVI was positively correlated with air temperature east of Lake Hovsgol, where the annual precipitation exceeds 400 mm (Figure 2) . Additionally, the NDVI was negatively correlated with precipitation and positively correlated with temperature in the southeastern basin, which is near the national border between Mongolia and Russia.
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Discussion
Response of Vegetation to Climatic Variables between Dry and Wet Conditions
Globally, an overall greening trend (25% to 50%) has been detected in the earth terrestrial ecosystem, which could be mainly explained by CO 2 fertilization, nitrogen deposition, climate change, and land cover change [66] . However, the dominant factors that contribute to vegetation growth may be different at regional scales. In energy-limited regions, such as the Tibetan Plateau and other high-altitude areas, warming generally contributes the most effect to the greening [67] [68] [69] [70] , while as environment aridity increases, the water availability's impact on the vegetation dynamics is growing [71] [72] [73] [74] .
For the Selenga-Baikal Basin, which is an arid and semiarid region, vegetation responded differently to climatic variables under different hydrothermal conditions. In the dry regions where mean annual precipitation is less than 350 mm, vegetation growth is more sensitive to precipitation than temperature, and the vegetation decline is mostly associated with widespread drought stress [75] [76] [77] . Precipitation is the dominant factor influencing vegetation growth in such overall water-limited conditions [76, 78, 79] , although in relatively wet regions where mean annual precipitation is greater than 350 mm, precipitation is usually a less-limiting factor. And even a negative relationship was observed between the NDVI and precipitation in regions with high precipitation, such as the Hovsgol area of the Selenga-Baikal Basin, which is consistent with previous studies, e.g., [19, 77, 80] . This anomalous relationship may be explained by the saturation effect of increasing precipitation on vegetation growth [80] , wherein excessive precipitation inhibits growth. In addition, increasing precipitation leads to increased cloudiness and reduced incoming solar radiation, which is disadvantageous for plant growth after moisture requirements are met [77] . In regions with low temperatures and relatively high precipitation, the spatiotemporal heterogeneity of the vegetation dynamics is mainly determined by variations in temperature [81] ; therefore, the overall temperature-limited but wet conditions result in temperature having a more substantial impact on vegetation growth [82] .
Response of Grassland and Forest to Temperature and Precipitation
The responses of vegetation growth to climatic variables present obvious regional differences. Precipitation was the dominant factor affecting the growth of coniferous forests and grasslands in Xinjiang, China [54] . However, grasslands exhibited relatively high positive correlations with precipitation and forest ecosystems, and were primarily limited by temperature in Northeast China [83] . In the Selenga-Baikal Basin, the result was consistent with that of previous studies in Northeast China. In general, grassland is characterized by a semiarid and continental climate, while forest is usually distributed in areas with relatively higher humidity; therefore, precipitation is likely to be the predominant vegetation growth-limiting factor in grassland [84] , while temperature is the main factor affecting growth in forests [83] , particularly in the cold temperate zone.
Precipitation is the dominant factor affecting the growth of grassland in the Selenga-Baikal Basin. A previous study in Mongolia found that summer precipitation is the primary factor constraining vegetation growth in grasslands [85] , and decreased precipitation reduces the soil water content, which is not conducive to grassland growth. In addition, the thickening of the active layer and soil water infiltration due to climate warming and permafrost thawing may cause a drier upper soil layer and inhibit the growth of grassland vegetation, which has a shallow root system [86] . However, forests in cold areas of the Northern Hemisphere are overwhelmingly temperature dominated and insensitive to drought [87, 88] . Increased temperature was the primary driver of forest greening [89] , and tree growth has been widely regarded to be temperature sensitive [90] [91] [92] . Furthermore, permafrost is an important source of soil water for forests during summer [22, 93] , and higher summer temperatures lead to the melting of frozen soil, thereby supplying water to the forest. Therefore, warming may be beneficial to plant growth in forest regions [82] .
Influence of Human Disturbances on Vegetation Dynamics
It should be noted that human disturbance is an important force driving ecosystem degradation combined with natural factors [94] , and the intensification of human activities has induced dramatic changes in land use and seriously affected natural ecosystems [24] . The Selenga-Baikal Basin is currently facing land use changes due to urbanization, the expansion of agricultural activities, mining, rising livestock numbers, logging and wildfires in the context of global warming, and rapid economic expansion [95, 96] . The population of Mongolia more than tripled since the second half of the 20th century, and it was accompanied by an increase in the proportion of the urban population from 35% to 68.5%, causing a considerable increase in the use of surface water resources [97] . As an important backbone of the regional economy, mining is a major water consumer that has caused increasing water abstraction and contaminant loads originating from mining sites [98] . As a result, the Selenga River, which originates in the mountainous regions of Mongolia and constitutes the largest tributary of Lake Baikal, has experienced a low-water period over the past two decades [99] , and the vegetation along the Selenga River exhibited a decreasing trend in intermountain regions that coincided with the reduced water conditions [26] .
Nomadism is still an important feature of rural lifestyles, and animal husbandry is the major source of income [96] . Livestock grazing, which contributes to ecosystem interference with the greatest intensity, and therefore has the most severe consequences, was the most serious disturbance in the grassland ecosystem [100] , although vegetation degeneration in recent decades throughout Mongolia was severely promoted by frequent grazing [34, [101] [102] [103] [104] [105] . Sources of forest degradation include fires, logging, and human disturbances to the living ground cover [106] . Frequent and increasing wildfires in recent years have had important impacts on forests, and between 1997 and 2000, forest fires occurred over approximately 30,000 ha each year in Siberia and approximately 650,000 ha over Chita, based on a government report on the state of the environment [107] . Furthermore, the burned area increased by nearly 200 times in the forestry districts in the basin of the Khilok River, a tributary of the Selenga River, during the last two decades [108] . The accumulation of water-stressed periods during summer exacerbates the problem of water shortages in downstream areas and leads to a conversion of forest to grassland [95, [109] [110] [111] , and this transformation may be responsible for the decreasing NDVI values in summer in areas classified as forest.
Conclusions
This research revealed vegetation growth dynamics and their responses to climatic variables over the Selenga-Baikal Basin from 1982 to 2015. The majority of this basin experienced notably increased temperatures and decreased precipitation, although the vegetation dynamics exhibited high spatial heterogeneity mainly driven by climate change and human disturbances. In most water-limited areas, where multiyear mean annual precipitation was below 350 mm, vegetation growth was positively correlated with precipitation, whereas in the cold temperate zone, it was mainly sensitive to temperature. Temperature is a predominant growth-limiting factor for forest vegetation, whereas precipitation is the limiting factor for grassland. Additionally, vegetation of the Selenga-Baikal Basin is associated with human disturbances such as urbanization, mining, increased wildfires, illegal logging, and livestock overgrazing. Our results are helpful for understanding vegetation dynamics in the semiarid regions of mid-to-high latitudes and may play an important guiding role in vegetation and environmental protection against the background of global climate change. 
